General Disclaimer 


One or more of the Following Statements may affect this Document 


• This document has been reproduced from the best copy furnished by the 
organizational source. It is being released in the interest of making available as 
much information as possible. 


• This document may contain data, which exceeds the sheet parameters. It was 
furnished in this condition by the organizational source and is the best copy 
available. 


• This document may contain tone-on-tone or color graphs, charts and/or pictures, 
which have been reproduced in black and white. 


• This document is paginated as submitted by the original source. 


• Portions of this document are not fully legible due to the historical nature of some 
of the material. However, it is the best reproduction available from the original 
submission. 


Produced by the NASA Center for Aerospace Information (CASI) 



X-ai4-774» 

PREPRINT 


7^X- 

VARIABLE VOLUME AAASER 
TECHNIQUES 

(NAS&-TM-X-71316) VABIABLE VOLDHB MASEB N77-24467 

TECHNIQUES (NASA) 18 p HC A02/HF A01 

CSCL 2CE 

Unclas 

G3/36 30675 


Victor S. Reinhardt 

i 


APRIL 1977 


J 


D£CsWED 
BBAHCH 



GODDARD SPACE FLIGHT CENTER 

GREENBELT, MARYLAND 


X-814-77-80 

PREPRINT 


VARIABLE VOLUME 
MASER TECHNIQUES 


Victor S. Reinhardt 
NASA/G<xkiard Space Flight Center 
Greenbeit, Bd^xyland 20771 


April 1977 


GODDARD SPACE FLIGHT CENTER 
Greenbeit, Maryland 


CONTENTS 


Page 

INTRODUCTION. 1 

THE VARIABLE VOLUME TECHNIQUE 1 

VARIABLE VOLUME DEVICES 3 

FURTHER DEVELOPMENTS 4 

ACKNOWLEDGEMENTS 5 

REFERENCES 6 

LIST OF ILLUSTRATIONS 

Figure Page 

1 The Wall Shift 8 

2 The Variable Volume Technique 9 

3 Brenner Variable Volume Storage Bulb (Reprinted From: 

D. Brenner [1970], J. A{^ Phys. , Vol. 41. 2942) 10 

4 Debely Variable Volume Storage Bulb (Reprinted Fromr 

P. E. Debely 11970], Rev. Sci. Inst. , Vol. 41, 1290) .... 11 

5 The Flexible Bulb-Large Storage Box Hydrogen Maser .... 12 

6 The Concertina Hydrogen Maser 13 

7 Extrapolation Method for Determining the Zero Wall 

Shift Point 14 

8 The External Bulb Variable Volume Maser 14 

9 External Bulb Variable Volume Maser Error 15 

iii 


VARIABLE VOLUME 
MASER TECHNIQUES 
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INTRODUCTION 

The hydrogen maser achieves its extremely good frequency stability principally 
by confining the masing atoms for long periods in a teflon coated storage bulb.* 
Because of this confinement, the frequency of the hydrogen maser is shifted due 
to collisions of the atoms with the walls of the storage bulb. This is shown in 
Figure 1. The wall shift is given by: 

* 2it ‘ 4V 

where <f> is the average phase shift per collisicai, v is the average atomic speed, 
and (4V/A) is the mean free path between wall collisions, X . 

In order to use the hydrogen maser as a primary frequency standard, one must 
correct for the wall shift. The obvious method to do this is to vary Xby oper- 
ating hydrogen masers with different size storage bulbs, and to make frequency 
comparisons between the masers. This has been done many times^, but has not 
produced good results because ^ has not reproduced well from bulb to bulb. 

In 1969, Douglas Brenner proposed another approach.^ If one were to make a 
maser with a flexible storage bulb, one could vary X but keep ^ constant. This 
would allow for the correction of the wall shift without the uncertainties associa- 
ted with changing bulbs. The technique is outlined in Figure 2. This method 
has been a fruitful one, leading to several devices and increasing degrees of 
success. This paper will discuss this variable volume technique and the 
strengths and weaknesses of the devices which have been based on this technique. 

THE VARIABLE VOLUME TECHNIQUE 

The first variable volume maser was built by Douglas Brenner,'* He used sev- 
eral types of flexible bulbs with a variety of wall coatings. One of his teflon 
bulbs is shown in Figure 3. As shown in Figures 1 and 2, Brenner's technique 
relies on one's knowledge of B, the ratio of the bulb volumes, and the fact that 
both the value of 0 and the value of fo, the corrected frequency, remain constant 
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during the change of volume. With careful measurement, B can be determined 
to the 0. 1% level.'^*^ How this effects the error, however, is strongly depen- 
dent (Ml the size of B. As B approaches unity the uncertainty in determining fq 
goes to infinity for given errors in measuring B, f i, and f 2 . The size of B in 
Brenner's device is limited severely by the fact that the filling factor* is de- 
graded in the compressed volume. Brenner achieved values of 1. 18 to 1. 37 for 
B. 

The value of <l> is effected by both changes in the atomic density in the bulb 
and changes in the surface properties of the bulb. If the relative rate at which 
atoms strike the bulb surface change when one changes the volume, 0 may 
change, hi a bulb with good communication between secti(Mis, this effect can be 
made negligeably small.4,5,6 Changes in the surface properties of the teflcMi 
during the measurement process can be induced by the changes in stress that 
occur when the bulb volume is changed. Brenner discussed this problem'* and 
estimated that the stress effect would change 9 by 0.25%. The major weakness 
of his device, however, is in the uncertainty caused by lack of knowledge of the 
effects of stress on his storage bulbs. 

Changes in fjj during the measurement process come from shifts in the maser 
frequency other than the wall shift: the doppler shift, magnetic shifts and 
s^dn exchange shifts. It has been determined that to one part in 10*^ of the 
hyperfine frequency the atomic velocities are thermalized to the bulb temper- 
ature,^ One therefore can correct for the doppler shift by measuring the bulb 
temperature. 

The principal magnetic shift can be corrected for by measuring the zeeman 
frequency.* Magnetic inhomogeneity shifts® can cause errors as large as 
parts in 10 ^^^ These shifts are a function of the average inhomogeneity over 
the storage bulb and so change when the storage bulb volume is changed. In- 
homogeneity shifts can be corrected for,®’*^ but unfortunately Brenner was un- 
aware of these shifts when he performed his measurements, so he did not 
correct for them. 

Spin exchange shifts come from collisions of the radiating hydrogen atoms with 
other hydrogen atoms and with other paramagnetic gases.*'®’*®’** The prin- 
cipal part of the hydrogen spin exchange shift is corrected out with flux tuning.* 
An anomalous part is not.** This shift is 4 x of the non-hydrogen spin 
exchange part of the atomic linewidth.®’* * In a variable volume maser, except 
for contributions from magnetic inhomogeneities and from background gases, 
the non-spin exchange linewidth is proportional to the inverse bulb volume just 
as the wall shift is,* 2 so most of the anomalous spin exchange shift is corrected 
for by the same process which measures the wall shift. The background 
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contribution to the linewidth can be kept small by keeping the partial pressure 
of paramagnetic gases small, 8 and the magnetic linewidth can be kept small b 3 
reducing the size of magnetic inhomogeneities. Oie should therefore be able to 
keep uncertainties due to the anomalous spin exchange shift below the 10'^^ level. 

VARIABLE VOLUME DEVICES 

To overcome the stress problems associated with the Brenner flexible bulb, 
Norman Ramsey proposed using a thin flexible teflon cone attached to a rigid 
cylinder as the variable volume storage bulb. Ibis idea was implemented by 
Pierre Debely^^ and is shown in Figure 4. The great advantage of this con- 
figuration is that a thin cone can be inverted in such a way that oily the edges of 
the cone are stressed. This reduces the region of possible stress effects to a 
negligibly small area, eliminating the uncertainity due to surface stressing. 

The volume ratio achieved by Debely was limited to 1.3 because of difficulties 
in obtaining maser oscillation with the cone inverted. The accuracy of the 
Debely device was limited to 2,4 x 10**^ because of the small value of B, 
drifts in the reference maser, and areas in the cone which became exposed when 
the cone was inverted. The asymmetrical bulb also made Debely's device 
especially susceptable to magnetic inhomogeneity shifts which he did not 
ccnisider. 

To overcome the problems associated with the Debely device, Norman Ram- 
sey proposed combining the flexible cone with the large storage box hydrogen 
maser, This was implemented by the author^2,14 jg shown in Figure 5. 

In this device, the flexible cone is outside the microwave cavity, so the size 
of B is not limited by oscillation requirements. Magnetic inhomogeneity prob- 
lems are also reduced. Because the device has a linewidth a factor of ten 
narrower than a conventional hydrogen maser, anomalous spin exchange effects 
are correspondingly reduced. The present configuration of the device achieved 
an accuracy limit of 2.4 parts in 10^^, but this was due to a large measurement 
imcertainty for B and a long term stability floor of a part in 10*^ caused by the 
necessity of using an amplifier in the maser feedback loop. With passive maser 
techniques, an accuracy of a part in 10^"^ should be achievable. 

Another device which shows much promise is the concertina hydrogen maser 
developed by Harry Peters.^ The device is shown in Figure 6. In this device, 
the variable volume storage bulb is a flexible bellows of teflon film. There are 
stress effects, but to first order they cancell due to the bellows configuraticxi. 
This device also has the great advantage of allowing measurement over a con- 
tinous range of calibrated volumes. Stress effects will be determined by curve 
fitting the frequency shift data and by using bellows of differing thickness. The 
assymetrical arrangement of the storage bulb in the microwave cavity makes 
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this device very susceptable to magnetic inhomogeneity problems, but these can 
be measured^ and calibrated out for each volume setting. Preliminary meas- 
urements with the concertina maser have been coisistent with hydrogen hyper- 
fine measurements using the flexible bulb-large storage box maser, 17 and with 
a recent compilation of wall shift meets urements.l^ A very interestii^ side 
result of this measurement is that at 40°C , 0 for type L F£P filmic is a fac- 
tor of four smaller than 0 for FEP teflon sintered on a quartz storage bulb. 

FURTHER DEVELOPMENTS 

In 1970, Paul Zitzewitz and Norman Ramsey^*^^ discovered that the wall shift 
goes through zero at approximately 100°C. This was later verified by Rdt>ert 
Vessot and Martin Levine.^^>^ Based on this, a device using a variable volume 
store^e bulb as a null detector for the zero wall shift point was proposed by 
Vessot and Levine.^^’^^ The great advantage of this device is that one need not 
know B accurately to calibrate out the wall shift, and because <me actually op- 
erates with a zero wall shift, the device can be operated in an automated 

fashion.72 

One can generalize this idea to take advantage of dropping the necessity of 
measuring B without having to go to the zero wall shift temperature. This gen- 
eralization is demonstrated in Figure 7. Since the value of 0 changes with 
temperature, one need only change the temperature of a variable volume device 
while making measurements at the same two volumes. By extrapolating to the 
point where the curves for each temperature intersect, one can determine the 
zero wall shift point without actually reaching it. As discussed previously in 
the context of determining stress effects,^ if one makes measurements at at 
least three temperatures, by the scatter of the intersecticm points, one can 
estimate the errors due to assumptions of constant <t> or due to changes in f^,. 

One need not even have a linear measure of the inverse volume or for the 
method to work. Since the wall shift is homogeneous in ^ for any monotonic 
function X( X'* ), the intersection point of a family of curves in 0 '"an only occur 
at zero wall shift. Also because the wall shift is homogeneous in <p , one can 
make a single point transformation X‘^ (X) where X is the measurement para- 
meter such that the frequency change linear in X'^ . One can therefore arbi- 
trily mark two points, Xi and X 2 , on the ordinate axis of a graj^ and linearly 
extrapolate to X'l = 0 which is experimentally determined by the intersection 
of the straight lines. 

Based c» this method and the knowledge gained from previous devices, a new 
variable volume device is being developed at NASA’s Goddard Space Flight 
Center. It is shown in Figure 8, The device will have a flexible cone variable 
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volume element outside the cavity to avoid the problems associated with a 
variable storage bulb inside the microwave cavity. It will also not have any 
electronic feedback to avoid the instabilities associated with amplifiers in the 
feedback loop. Figure 9 demonstrates that a reasonable external volume can 
be achieved without electronic feedback. The extra filling factor obtained with 
the elongated cavity design used in NAS/: masers has proved instrumental in 
achieving this. The plans are to operate this device either as a zero wall shift 
maser or in the generalized mode just described. Recent experiments have 
shown that FEP teflon film, after a bake out at 120°C, has a low enou^ vapor 
pressure at 100°C to allow a zero wall shift maser to function. With this device 
and future developments with some of the others outlined here, the promise of 
10'*^ accuracy should become a reality in the near future. 
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Figure 1. The l^all Shift 
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Figure 3. Brenner Variable Volume Storage Bulb (Reprinted From: 
D. Brenner [1970], J. Api^ l%ys. , Vol. 41, 2942). 
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>’lgure 4. Debely Variable Volvime Storage Bulb (Reprinted From; 
P. E. Debely 11970), Rev. Scl. Inst., Vol. 41, 1290) 
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Figure 5, The Flexible Bulb- Large Storage Box Hydrogen Maser 
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Figure 6. The Concertina Hydrogen Maser 
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Figure 7. ExtrapolaticHi Method for Determining the Zero Wall Shift Point 
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Figure 8. The External Bulb Variable Volume Maser 
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Figure 9. External Bulb Variable Volume Maser Error 
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